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(54) S u bst rate-f I uo res^e n t LE D 

(57) A substrate-fluorescent LED having a fluores- 
cent-impurity doped substrate and an epitaxial emission 
structure including an active layer and being made on 
the substrate. The epitaxial emission structure emits 
blue or green light corresponding to the band gap of the 



active layer. The substrate absorbs a part of the blue or 
green light and makes fluorescence of a longer wave- 
length. Neutral color light or white light is emitted from 
the LED. The fluorescent substrate is n-AIGaAs(Si 
dope), GaP(Zn+0 dope), ZnSe (Cu+I, Ag+I, Al+I dope), 
GaN (O-C- Va(N) dope) or so. 
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Description 

[0001] This invention relates to a new LED which 
emits complex light with a spectrum having two peaks, 
in particular, relates to a single LED having a substrate 
and an active layer which produces neutral colors, e.g., 
pink, redpurple, orange, yellow or white color by synthe- 
sizing the band gap emission from the active layer and 
the fluorescence from the substrate. 
[0002] There are already various high luminous LEDs 
for emitting various monochromatic colors on sale. The 
LEDs having an active layer of AIGaAs or GaAsP are 
prevalent as red color LEDs. Red color LEDs emitting 
red light more than several candelas (Cd) are produced 
at a low cost. -The LEDs emitting the colors other than 
r red are also- prevailing. -Green-yellowgreen LEDs are 
produced by utilizing gallium phosphide (GaP) as an ac- 
tive layer. Blue LEDs are made by employing silicon car- 
bide (SiC) as an active layer. Blue-green LEDs are pro- 
duced on an active layer of gallium indium nitride 
(GalnN). Orange-yellow LEDs are also fabricated by 
employing aluminum gallium indium phosphide (Al- 
GalnP) as an active layer. The green-yellowgreen GaP 
LEDs, blue SiC LEDs, blue-green GalnN LEDs and or- 
ange-yellow AIGalnP LEDs are pragmatic and low cost 
LEDs. In these LEDs, the substrates are GaAs, GaP, 
SiC, sapphire and so on. 

[0003] The following are the relations between the 
monochromatic colors and the active layers of the LEDs 
on the market. 

(1) red LED AIGaAs, GaAsP 

(2) green-yellowgreen LED — Gap 

(3) blue LED - SiC 

(4) blue-green LED GalnN 

(5) orange-yellow AIGalnP 

[0004] All the prior LEDs make use of the emission 
produced by the band gap transition of electrons in- 
duced by an injection current. The wavelength of the 
emitted light is uniquely determined by the band gap ob- 
tained by a relation of X^hc/Eg, where m X m is the wave- 
length of the emitted light, B h' is Planck's constant, "c" 
is the light velocity and "Eg" is the band gap of the active 
layer. Since the light includes a single wavelength, the 
LEDs are all monochromatic. Since the recombination 
of a hole and an electron makes a photon (light quanta), 
the spectrum of the emitted light has a narrow peak at 
A^hc/Eg. . 

[0005] Trie LEDs make primary colors (RGB) and 
several neutral colors. The neutral colors are still mon- 
ochromatic colors having a single peak in the spectrum. 
The colors which the conventional LEDs can produce 
are red, orange, yellow, yellowgreen, green, bluegreen, 
blue, bluepurple and purple. These colors are primary 
colors (RGB), neutral colors between red and green or 
neutral colors between green and blue. Of course, the 
primary colors (RGB) are monochromatic. Besides, the 



neutral colors made by the current LEDs are essentially 
monochromatic colors. There is no LED which can pro- 
duce the neutral colors between red and blue or the neu- 
tral colors among red, green and blue by a single LED 
5 structure . 

[0006] An assembly of more than three LEDs emitting 
three primary colors (RGB) can make neutral cobrs. 
Any colors can be produced by assembling three prima- 
ry color LEDs. However, an assembly of more than three 
10 different LEDs will complicate the LED structure and en- 
hance the cost of the production. 
[0007] The contrivance for integrating the colors into 
a uniform tone is also necessary. The purpose of the 
present invention is to provide a single LED which can 
make neutral colors.- _ . _ .. .... „ 

[0008] Lightening, and - displaying - require.- the -light . 
sources of neutral colors (e.g., redpurple, pink) between 
red and blue or the light sources of neutral colors (vari- 
ous tones of white) among red, blue and green in stead 
of monochromatic colors. Conventional LEDs are all 
monochromatic. Neutral colors are essential for lighten- 
ing and displaying. Thus, fluorescent lamps or incan- 
descent lamps are still used at present for illuminating 
or displaying. 

[0009] The lightening or displaying light sources have 
the advantages of convenient handling and historical fa- 
miliarity. Incandescent bulbs, fluorescent tubes or lamp 
apparatuses are cheap and easily obtainable. Incan- 
descent lamps and fluorescent lamps can be directly 
driven by the commercial power sources. Incandescent 
lamps and fluorescent lamps enjoy the advantages of 
matured technology. However, incandescent lamps 
have a drawback of a short lifetime. Fragile filaments 
force us to renew the incandescent lamps frequently. In- 
candescent lamps are plagued with low lightening effi- 
ciency. Most of the power is consumed as heat. Having 
a longer lifetime, fluorescent lamps are suffering from 
bulky, long and heavy apparatuses. 
[0010] LEDs have an advantage of high efficiency, 
since LEDs directly convert electric current into light. An- 
other strong point of LEDs is a long lifetime. Light weight 
is a further merit of LEDs. LEDs are already used for 
displaying devices which demand only primary colors. 
However, the applications of LEDs to displays are still 
restricted, since white, redpurple and pink cannot be 
produced by current LEDs. At present, assembling a 
plurality of different color LEDs is an available solution 
of making neutral colors, which raises the cost through 
complicating the structure . m _ ... , _ . _ . _ . . 
[001 1] There is only a single trial of synthesizing white 
color by an LED. The trial makes a white color LED by 
assembling a high luminous blue LED having a GalnN 
active layer and a YAG (yttrium aluminum garnet) phos- 
phor of yellow. The technology of making blue GalnN- 
LEDs by growing a GaN crystal on a sapphire substrate 
and growing a GalnN active layer on the GaN film has 
been established. The white LED is an application of the 
GalnN blue LEDs. The white LED was proposed by, 
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Shuji Nakamura & Gerhard Fasol, "The Blue Laser Di- 
ode (GaN Based Light Emitters and Lasers)*, January 
1997, Springer, p21 6-221 (1997). 
[001 2] Fig. 1 (a) and Fig. 1 (b) show the proposed white 
LED. A GaN layer and a GalnN active layer are grown 5 
on the sapphire substrate. A blue LED chip 5 is bonded 
on a bottom of a cavity 4 of a stem 2. A p-electrode (an- 
ode) and an n-e feet rode (cathode) are on the upper sur- 
face of the LED, and these electrodes are connected 
with the stems 2 and 3 by wires. The cavity 4 is filled 10 
with a YAG phosphor 6 covering the GalnN blue LED 5. 
The YAG is a yellow phosphor which absorbs blue light 
and emits yellow light. 

[001 3] Conventional, ordinary LEDs or PDs adopt an 
(n-type or p-type) conductive substrate. The bottom of- '5 
LEDs or PDs is an (n- or p-) electrode. The bottom elec- . - 
trade is bonded directly on the stem. Another electrode 
on the top is connected to another stem by a wire. The 
ordinary LED has only a single wire. But the GalnN blue 
light LED which consists of a GaN layer, a GalnN layer 20 
or so on an insulating sapphire substrate requires two 
(n- and p-) electrodes on the top, since the bottom of the 
LED chip is not an n-electrode at all. The blue light LED 
on the sapphire substrate makes use of two wires for 
connecting two top electrodes with the stems. When an 2s 
electric current is injected from the anode via the chip 
to the cathode, the GaN-type (GalnN active layer) LED 
emits blue light. A part of the blue light from the LED 
passes the YAG phosphor 6 and goes out of the YAG 
pond 6 as blue light. The rest of the blue light is absorbed 30 
by the YAG 6. The YAG 6 converts the blue light to yellow 
light which has a longer wavelength. Yellow light and 
blue light are synthesized to white light. Namely, human 
eyes feel the unified color of the blue light from the GaN 
LED and the yellow light from the YAG as white. -35 
[0014] The original LED light is a positive, inherent 
emission caused by the band gap transition of electrons. 
The fluorescent light is a passive parasitic emission in- 
duced by a fall of electrons to the ground state which 
have been lifted by the blue tight via an excited state to *o 
an emission level in the phosphor. The emission levels 
make light of energy lower than the original blue LED 
emission. Thus, when an LED is enclosed with a phos- 
phor, inherent light of the LED and fluorescent light of a 
longer wavelength are produced. The YAG emits yellow 4S 
light in this case. The fluorescent yellow and the LED 
blue make white color. Among visible light, blue color 
has a short wavelength with high energy. The appear- 
ance of the blue GalnN-LED enables us to make the 
white YAG-LED. 50 
[001 5] Fig. 2 shows the emission spectrum of the pro- 
posed GalnN YAG-LED. The abscissa is the wavelength 
(nm) and the ordinate is the emission intensity (arbitrary 
unit). The spectrum has a sharp peak at 460 nm which 
is an inherent peak of the blue GalnN-LED. The spec- 55 
trum has another broader peak at 550 nm which is the 
fluorescence emitted by the yellow YAG. The blue light 
from the GalnN active layer and the yellow light from the 



YAG seem to be white light to the human eyesight. 
[0016] Some drawbacks, however, accompany the 
proposed GalnN- YAG LED. One drawback is extra ex- 
istence of the YAG phosphor which is an entirely differ- 
ent material from the GalnN-LED. The extra YAG raises 
the material cost and the production cost. Another weak 
point is the low efficiency. Since the translucent YAG 
shields the LED chip, the YAG pond absorbs the most 
of the blue light from the LED. Little part of the blue light 
can go out of the YAG. The original blue GalnN LED has 
high luminosity of more than 1 Cd (candela) and high 
external quantum efficiency of more than 5 %. The YAG 
GalnN LED which is produced by covering the blue LED 
with the YAG has poor luminosity of 0.5 Cd and low ex- 
ternal quantum efficiency of 3.5%. This Js s the second 

weak point. - — 

[0017] Besides the poor transparency, YAG is suffer- 
ing from low efficiency of converting blue light to yellow 
light. The conversion efficiency is at most about 10 %. 
The large thickness of the YAG increases the absorption 
of blue light in the YAG, which lowers both the luminosity 
and the efficiency. The low conversion is the third weak 
point. 

[0018] White light sources have a great demand for 
lighten ings, displays or liquid crystal display's back- 
lights. Besides white color, there is still a large demand 
for neutral color light sources. For example, orange or 
yellow light sources which are neutral colors between 
red and green, have also a large demand for traffic sig- 
nals and displays. Single LEDs which produce orange 
color and yellow color, i.e., neutral colors between red 
and green can be produced. However, the orange LEDs 
and the yellow LEDs are still suffering from low luminos- . 
ity and high cost. For example, an LED having AIGalnP 
active layers on the n-GaAs substrate emits yellow light. 
In order to compensate the poor expansion of injected 
electric current. in the p-AIGalnP layer, the yellow LED 
should increase the thickness of the p-AIGalnP layer, 
which raises the production cost of MOCVD growth. Fur- 
ther, the AIGalnP yellow LED is plagued with low lumi- 
nosity. Alternatively, a yellow light source is made by as- 
sembling a cheap red (AIGaAs) LED and a cheap green 
(GaP) LED. Some drawbacks accompany all the light 
sources for the red-green neutral colors. The assembly 
of two LEDs has drawbacks of the complicated device 
structure and the complicated power sources. Low lu- 
minosity, structural complexity and high cost are the 
common weak points of the prior neutral color light 
sources.-Furthermore, none of the conventional LEDs 
can make red-blue neutral colors (e.g., pink, redpurple) 
and red-green-blue neutral color (e.g., various tones of 
white) by a single LED at all. One purpose of the present 
invention is to propose a novel LED which can produce 
red-blue neutral colors and red-green-blue neutral 
colors by a single LED. The neutral colors between red 
and blue (red-blue neutral colors) are simply written as 
RB-neutral colors from how onward. The neutral colors 
among red, green and blue (red-green-blue neutral 
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colors) are similarly denoted as RGB-neutral colors from 
now. 

[001 9] Fig. 1 9 is a general chromaticity diagram. The 
chromaticity diagram is a graph showing the two-dimen- 
sional coordinates of an object visible light source color 
or an object visible body color by dividing and numeriz- 
ing the stimuli of the object color into primary colors red 
(R), green(G) and blue(B) which correspond to three 
kinds RGB of co tor-sensing organs in a human eye. Q 
(X) denotes the spectrum of an object light source. The 
RGB stimuli on the color-sensing organ are obtained by 
multiplying the object spectrum Q{X) by the color match- 
ing functions for the primary colors RGB. Here, r{X) is 
the red color matching function, g(X) is the green color 
matching function and b(X) is the blue color matching 
- function. The red stimulus X to the.color-sensing organ 
is given by X=J Q(X)r(X)dA.. The green stimulus Y to the 
sensing organ is Y= jQ(X)g(X)dk. The blue stimulus Z is 
Z= J Q(X)b(X)dX. The chromaticity diagram is a set (x.y) 
of a normalized red stimulus x and a normalized green 
stimulus y. The normalized red and green stimuli x and 
y are given by dividing the red stimulus X and the green 
stimulus Y by the sum (X+Y+Z) and obtaining x=X/ 
(X+Y+Z) and y=Y/(X+Y+Z). The normalized z=Z/ 
(X+Y+Z) will be omitted from now for reducing the 
number of the chromatic parameters. The normalized 
blue stimulus z can be easily obtained from x and y, 
since x+y+z = 1 . The coordinate (x,y) is the set of the 
normalized red stimulus and the normalized green stim- 
ulus in the chromaticity diagram as shown in Fig. 1 7. The 
coordinate system can denote any color by a single 
point lying within the rectangle isosceles triangle with 
three corners (0,0),(1 .0) and (0,1). 
[0020] The boundary solid line of a horseshoe shape 
denotes monochromatic colors in Fig. 19. The horse- 
shoe-shaped boundary curve is determined by the three 
color matching functions r(A.), g(X) and b{\). For exam- 
ple, at a wavelength of longer than 550 nm, the sensi- 
tivity for blue is zero (z=0), and the chromaticity coordi- 
nate (x,y) of monochromatic colors lies on the line 
x+y=1 . In the ranges of wavelengths shorter than 505 
nm, with a decrease of the wavelength the blue compo- 
nent increases caused by a slow rise of the red compo- 
nent, which separates the monochromatic curve from 
the y-axis (x=0). Red end of the horseshoe -shaped 
monochromatic curve is the longest wavelength limit of 
680 nm to 980 nm of the visible light. Blue end of the 
horseshoe-shaped curve is the shortest wavelength lim- 
it of 380 nm to 410 nm of the visible light; The shortest 
wavelength end and the longest wavelength end are 
connected by a straight line which does not correspond 
to monochromatic colors at all. The straight line is called 
a "purple boundary". Any point on the purple boundary 
is not a monochromatic color but inherently a neutral 
color including a plurality of primary colors. The inner 
region enclosed by the horseshoe curve and the purple 
boundary denotes neural colors. The innermost region 
is the white color region. As shown in Fig. 19, the white 



color region ranges from x=0.22 to x=0.43 and from 
y=0.21 to y=0.43. Conventional LEDs could not produce 
the white light'within a single device. The lower region 
of the neutral colors of pink, purple, redpurple are not 
5 made yet by the prior LEDs. The upper region of the RG- 
neutral colors means orange and yellow which are made 
by the prior LEDs of poor efficiency of high cost. One 
purpose of the present invention is to provide a white 
color LED emitting white light. Another purpose of the 
10 present invention is to provide a neutral color LED emit- 
ting pink, redpurple, orange or so. 
[0021] To achieve the foregoing objects and in ac- 
cordance with the purpose of the invention, embodi- 
ments will be broadly described herein. 
[0022] This invention proposes a white color or neu- 
tral- color LED having an epitaxially grown active layer- 
for producing light by the electron band gap transition 
and an impurity-doped substrate which plays the role of 
the phosphor by absorbing the light produced by the ac- 
tive layer and emitting fluorescent light. The epitaxial 
emission structure makes strong light of a shorter wave- 
length by the electron band gap transition. The impurity- 
doped substrate itself makes fluorescent light of a longer 
wavelength by absorbing a part of the emission pro- 
duced in the active layer. Namely this invention makes 
the best use of both the active layer emission (band gap 
transition emission) and the impurity-doped substrate 
fluorescence. 

[0023] An LED comprises a single crystal substrate 
and a epitaxial emission structure. In general, the sub- 
strate must have been transparent to the LED light of 
X^ which the epitaxial emission structure produces for 
avoiding the absorption by the substrate. If the substrate 
is opaque to the A.1 light, efforts are made for eliminating 
the absorption of the substrate. When impurity-levels 
absorb the A.1 light, attentions are paid to remove the 
impurities from the substrate. It is a conventional, tradi- 
tional belief that the substrate should be as transparent 
and clean as possible in an LED. 
[0024] The present invention positively gives the sub- 
strate fluorescence centers by doping impurities to the 
substrate to the contrary. The substrate obtains the 
character of photo-luminescence by the impurity dop- 
ing. A set of the substrate fluorescence and the active 
emission X1 of LED produces new neutral colors and 
white color which prior LEDs cannot make. 
[0025] The central wavelength of the fluorescence 
can be varied by changing the kind of the dopant, the 
dopant concentration and the defect density. The power 
of the fluorescence can be controlled by the thickness 
of the substrate. Arbitrary tones of white and arbitrary 
neutral colors can be obtained by the present invention 
by controlling the kind of the dopant, the dopant concen- 
tration, defect density and the substrate thickness. 
[0026] The band gap transition emits the X^ light (cen- 
tral wavelength C). The fluorescence centers in the sub- 
strate absorb the XI light and make X2 fluorescence 
(central wavelength B) which has a smaller energy than 
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the X^ (X1<A2). A sum of the M (wavelength center C) 
+ the JL2(wavelength center B) goes out from the LED, 
which seems white or another neutral color for human 
eyesight. 

[0027] The wavelength X1 of the band gap transition 
emission can be changed by the kind of the active layer. 
The wavelength X2 of the fluorescence centers in the 
substrate can be controlled by the dopant concentration 
or the substrate thickness, various white or neutral 
colors are made by controlling the dopant, the dopant 
concentration, the substrate thickness and the kind of 
the active layer. An ordinary LED never fails in having a 
substrate and an active layer. This invention is realized 
without adding neither new device nor new part to an 
^ordinary LED. The only feature of the present invention 

-is to dope pertinent dopants- into the substrate. - — 

[0028] Fig.4 shows the emission spectrum of the LED 
of the present invention. Wavelength C is the active 
emission induced by the driving current. Wavelength B 
is the passive fluorescence emission excited by the ac- 
tive emission C. Correct concepts of wavelengths A, B 
and C are essential in order to understand this invention. 

wavelength C = band gap transition emission at the 
active layer in the epitaxial structure, 
wavelength B = substrate fluorescence, 
wavelength A = the longest wavelength which is ab- 
sorbed by the dopants for making the photo-lumi- 
nescence. 

[0029] Wavelength A is the bwest energy of the light 
which can be converted to the fluorescence having 
wavelength B. In the case of a single photon excitation, 
wavelength B is larger than wavelength A (B > A). When 
wavelength C is shorter than wavelength A (C < A), 
wavelength C made by the active layer can excite the 
photo-luminescence of B in the substrate. Then, the 
band gap emission C and the fluorescence B emanate 
out of the LED. (C+B) are the light produced by the LED. 
Wavelength A is only a critical value as the upper limit 
of being able to make the photo-luminescence. 
[0030] Fig.3(a) and Fig.3(b) denote the LED device of 
the invention. An LED chip 9 is mounted upon an upper 
part 16 of a stem 10. The LED chip 9 consists of a sub- 
strate 12 and an epitaxial emission structure 1 3. In the 
case of having an electrode on the bottom of the sub- 
strate, another electrode is connected to a stem 1 1 by 
a wire 14. The chip 9, the stems 10 and 11 are molded 
"by a transparent plastic package 15. — - — - — 
[0031] The substrate 12 is doped with the dopant 
which absorbs the light of a wavelength shorter than A 
and produces the fluorescence having a broad peak at 
B (X2). The wavelength C of the epitaxial emission struc- 
ture 13 corresponds to X1. When C is shorter than A, 
the X1 can induce the photo-luminescence X2 in the sub- 
strate. Thus, allowable sets of a substrate and an active 
layer must satisfy the inequality C<A<B. Other condi- 
tions restrict pairing of a substrate and an active layer. 



The materials for the substrates are restricted by the 
condition of the probability of growing a large single . 
crystal. The materials for active layers are restricted by 
the lattice-matching condition with the substrate. 
5 [0032] It is a matter of course that the fluorescence 
energy is lower than the LED light energy (X2>X1 ) in the 
case of a single photon excitation. In the case of multiple 
photon excitation, it is possible that the fluorescence has 
higher energy than the LED light. 
10 [0033] In Fig.4, the peak centered by wavelength C 
denotes the band gap emission from the epitaxial struc- 
ture. Another broad peak having a top wavelength B sig- 
nifies the fluorescence from the substrate. Wavelength 
C is determined by the material of the active layer. 
15 Wavelength C can be changed by varying the material ., 

of the active layer. Wavelength B ean alsa be changed 

by varying the dopant of the substrate. The rate of the 
fluorescence is changed by both the dopant concentra- 
tion and the thickness of the substrate. 
20 [0034] This invention can produce wide range of neu- 
tral colors and various tones of white by changing the 
positive emission G and the passive fluorescence B. 
The LEDs of the invention are able to make the neutral 
colors between red and blue and white color which prior 
25 LEDs have never emitted. High controllability is one of 
the features of the present invention. 
[0035] There is no difference in a chip structure be- 
tween the prior LEDs and the present invention LEDs. 
This invention need not paint the stem over the chip with 
30 extra phosphor, e.g., YAG. Dispensing with the special- 
purposed stem with a cavity of Fig.1 , this invention uses 
ordinary stems. The LEDs of the present invention are 
made by applying the well-known low-cost LED manu- 
facturing technology. 
35 [0036] A substrate is indispensable for an LED as a 
base for supporting an epitaxial structure thereupon in 
any cases. A substrate is necessary for an LED. The 
substrate, however, has no active role except for sup- 
porting the epitaxial layers and leading a current in prior 
40 LEDs. When there were a probability of causing fluores- 
cence by the substrate, intensive efforts had been made 
for eliminating the obstacle fluorescence by removing 
impurities and by purifying the substrate. It has been a 
common belief that the best substrate should be trans- 
45 parent, non-absorptive and non-fluorescent. This inven- 
tion positive ly makes use of the fluorescence of the sub- 
strate. White color or neutral colors are produced by ex- 
ploiting the substrate fluorescence in the LEDs of the 
invention This invention is a novel technique contrived „ 
so by toppling the common belief. 

[0037] This invention proposes, for instance, a white 
color LED having a GaN substrate including fluorescent 
centers and a GalnN active layer (blue light emission 
structure). Another example of the invention is a neutral 
55 color LED having a AIGa As substrate doped with Si and 
an epitaxially grown active layer of ZnSe, ZnSSe/ 
ZnCdSe or ZnSeTe. A further example of the invention 
is a neutral color LED having a GaP substrate and a 
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GalnN active layer. A fourth example is a neutral color 
LED having a ZnSe substrate and a ZnSe, ZnSe/ 
ZnCdSe, or ZnSeTe active layer. The sets of the sub- 
strates and the active layers of the present invention are 
listed here in short. 

(a) GaN substrate + GalnN active layer 

(b) AIGaAs substrate + ZnSe, ZnSSe/ZnCdSe or 
ZnSeTe active layer 

(c) GaP substrate + GalnN active layer 

(d) ZnSe substrate + ZnSe, ZnSe/ZnCdSe, or 
ZnSeTe active layer 

[0038] Set(a) is a simple white color LED having a 
GaN substrate with fluorescent centers and a GalnN ac- T 
—ttve layeMor emitting blue light. The-GalnN active layer — 
produces blue light. The GaN substrate is not a film de- 
posited on a sapphire crystal but an independent single 
crystal substrate. The dopants which should be doped 
into the GaN substrate are oxygen atoms, carbon atoms 
or nitrogen vacancies. The oxygen atoms, carbon atoms 
or nitrogen vacancies act as fluorescent centers in the 
GaN substrate. The fluorescent GaN substrate makes 
yellow light by absorbing blue light from the GalnN ac- 
tive layer. The blue light from the GalnN layer is mixed 
with the yellow fluorescence from the GaN substrate for 
producing white or another neutral light. 
[0039] Set(b) requires an AIGaAs substrate and a 
ZnSe, ZnSSe/ZnCdSe or ZnSeTe active layer. Howev- 
er, a compound crystal AIGaAs cannot be grown by the 
conventional Bridgman or Czochralski method. The 
compound crystal AIGaAs substrate is made by some 
epitaxial methods on some wide inexpensive single 
crystal. For example, an AIGaAs substrate is produced 
by LPE method on a GaAs wafer. The LED has an extra 
bottom plate of GaAs. The dopant for making fluores- 
cence is e.g., Si. The active layer is ZnSe, ZnSSe/ 
ZnCdSe or ZnSeTe which produces blue light or green 
light by current injection. Si-doped AIGaAs absorbs blue 
or green light and emits yellow or orange fluorescence. 
The AIGaAs/ZnSe etc. LED of set (b) emits neutral light. 
[0040] Set (c) is based upon a GaP substrate and a 
GalnN active layer. A GaP substrate crystal can be 
grown by the current Czochralski method. When GaP is 
doped with zinc atoms and oxygen atoms (Zn+O), the 
GaP obtains fluorescence property which makes fluo- 
rescent light at 700 nm by absorbing the light of a wave- 
length shorter than 550 nm. A GalnN active layer makes 
green light of a wavelength shorter than 550 nm. Thus 
GaP/GalnN LED emits neutral colors by mixing the flu- 
orescent light and the green light. The (Zn+0)-doped 
GaP is semi-insulating. Semi-insulating substrates are 
also available to this invention. The property required 
for the substrate is only the fluorescence. Semi-insulat- 
ing substrates and p-type substrates are available for 
the substrates of the present invention as well as the n- 
type substrates. In the case of set (c), the GaP substrate 
can be also an n-type GaP which is doped further with 



an n-impurity in addition to Zn and O. 
[0041] Set (d) employs ZnSe substrates and ZnSe, 
ZnSe/ZnCdSe or ZnSeTe active layers. Znse, ZnSe/ 
ZnCdSe or ZnSeTe active layers make blue light or 
5 green light by current injection. The dopant for the ZnSe 
substrate is (l+AI), (l+Cu) and (l+Ag). These dopants 
give the ZnSe substrate the fluorescence property. The 
fluorescence is orange or red. The LEDs of set(d) make 
neutral colors including blue and orange or red. And io- 
10 dine converts ZnSe to n-type conductivity. Thus, the 
ZnSe substrate is an n-type substrate in set (d). ZnSe- 
type LEDs have already been manufactured and been 
sold on the market as blue light LEDs. Prior ZnSe LEDs 
are all blue light LEDs. The substrates have been either 
n-type GaAs substrates or semi-insulating ZnSe sub-, 
strates in the -prior- ZnSe -LEDs, A prior blue -light LED - 
has never adopted an n-type ZnSe substrate. This in- 
vention employs an n-type ZnSe substrate doped with 
iodine (I ) and a metal ( Al, Cu or Ag) to the contrary. Thus, 
set(d) has a clear novelty at the conductivity of the ZnSe 
substrate and the fluorescence of the ZnSe substrate 
against prior ZnSe blue LEDs. 

[0042] The advantages of the present invention are 
now clarified here. Any prior single LED can produce 
neither RB-neutral colors nor RGB-neutral colors. The 
present invention, however, proposes the LED which 
can produce the RB-neutral colors or RGB-neutral 
colors by a single LED. The LED is high luminous single 
LED which emits redpurple light, pink light or white light. 
This invention further provides high luminous LEDs of 
RG-neutral colors, i.e., yellow and orange at low cost. 
The present invention is promising for displays, orna- 
ments or lightenings, since the LEDs are light-weighted, 
inexpensive and low-voltage driven light sources of a 
long lifetime in comparison with current incandescent 
bulbs or fluorescent lamps. 

[0043] Set(b) and set(c) adopt the well-known sub- 
strates of AIGaAs and GaP. However, set (a) (n-GaN 
substrate) and set (d) (n-ZnSe substrate) must employ 
unfamiliar and novel substrates. Thus, the preparation 
of the substrates should be explained for bringing this 
invention into practice with regard to set(a) and set(d). 
[0044] Prior GalnN blue LEDs have been made upon 
an insulating sapphire substrate, since a GaN crystal 
can be epitaxially grown on the sapphire crystal. Be- 
sides, it has long been believed that a large GaN single 
bulk crystal with few defect cannot be grown. It is difficult 
to melt GaN even at high temperature under high pres- 
sure. Czochralski method and Bridgman method are in- 
applicable to make a GaN bulk single crystal due to the 
difficulty of preparing a GaN melt. The lack of a GaN 
large single crystal forces the manufacturers to adopt 
sapphire crystals as a substrate and to make the GalnN 
blue LED structure on the sapphire substrate. Thus, the 
55 blue GalnN LED can be built on the sapphire substrate. 
On the contrary, a GaN single crystal substrate is indis- 
pensable for this invention, because this invention 
makes use of the substrate as a phosphor. However, the 
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vapor phase growth method can recently make a bulk 
single crystal of GaN. The development of the crystal 
growth technique makes this invention operative. 
[0045] The vapor phase method makes a bulk GaN 
crystal by adopting a GaAs(1 1 1 ) single crystal as a sub- s 
strate, covering the GaAs substrate with a mask having 
many dotted holes or stripe slits, growing thin buffer lay- 
ers through the mask at a lower temperature, growing 
a thick GaN layer epitaxially on the GaN buffer layer at 
a higher temperature for a long time and eliminating the io 
GaAs substrate. Namely, the vapor phase method 
makes a bulk GaN single crystal by diverting the epitax- 
ial method for thin films. The vapor phase method is a 
diversion of film-making ^method. The vapor phase 
method has several versions which are" different at the "~~is 

manner of- supply ing-materialrgases;- The versions are 

a HVPE (halide vapor phase epitaxy) method, an MOC 
(metallorganic chloride vapor phase) method and an 
MOCVD (metallorganic chemical vapor deposition) 
method. The HVPE method synthesizes a GaN bulk 20 
crystal by storing a masked GaAs substrate and a metal 
Ga melt in a hot-wall type furnace, blowing hydrogen 
gas (H 2 ) and HCI gas to the Ga melt in the furnace for 
making GaCI, transporting the GaCI gas to the GaAs 
substrate, supplying ammonia gas (NH 3 ) to the GaCI 2s 
gas near the substrate for producing GaN molecules 
and depositing the GaN molecules upon the GaAs sub- 
strate through the holes of the mask. The MOC method 
grows a GaN bulk crystal by keeping a masked GaAs 
substrate in a hot-wall furnace, supplying metallorganic 30 
material e.g., TMG (trimethyl gallium), hydrogen gas 
and hydrochloric gas (H 2 + HCI) for making GaCI, sup- 
plying NH 3 gas to the substrate for producing GaN mol- 
ecules and piling the GaN molecules on the GaAs sub- 
strate through the openings of the mask. The MOCVD 35 
method produces a GaN bulk crystal by disposing a 
masked GaAs substrate in a cold-wall furnace, carrying 
a metallorganic material, e.g., TMG by hydrogen gas 
(H 2 ), supplying ammonia gas (NH 3 ) to the GaAs sub- 
strate for synthesizing GaN molecules and depositing *o 
the GaN molecules on the GaAs substrate. These grow- 
ing methods of bulk GaN crystals are all new and novel 
contrivances which have been disclosed by Japanese 
Patent Application No.10-171276 (171276/ , 98) of the 
present applicant for the first time. Since a big GaN sin- 45 
gle crystal could not be made until recently, GalnN blue 
LEDs have been made not on GaN substrates but on 
sapphire substrates. The recent development of the 
technology enables to realize this invention by supplying 
a GaN single crystal substrate. so 
[0046] When a GaN bulk single crystal is grown by the 
vapor phase growth method, dopants, for example, ox- 
ygen or carbon or lattice defects (e.g., nitrogen vacancy) 
can be introduced into the GaN crystal. The impurities 
of oxygen atoms and carbon atoms or the lattice defects 55 
act in the GaN crystal as fluorescence centers which ab- 
sorb the exciting light of wavelengths shorter than 480 
nm and emit fluorescent light of wavelengths dispersing 



between 520 nm and 650 nm. The central wavelength 
and the full width at half maximum (FWHM) of the fluo- 
rescence can be controlled by the sorts of dopants, do- 
pant concentration or vacancy concentration. The fluo- 
rescence distributes widely from yellow to red (from 
520nm to 650nm). The GalnN active layer makes blue 
LED light. The mixture ratio x of Ga 1 . x ln x N determines 
the wavelength of the LED light through the determina- 
tion of the band gap. Human eyes see a sum of the LED 
light and the fluorescence as white light or neutral color 
light. Namely, white or neutral color is synthesized by 
an equation of white or neutral color = blue of GalnN + 
yellow of GaN. 

[0047] Set (a) of the present invention includes two 
emission sources (1) and (2), - - ™ - --- 



(1) GalnN-type LED - blue light (400~510nm) by 
electron band gap transition, and 

(2) GaN substrate- yellow-red light (520~650nm) 
by fluorescence. 

[0048] In this invention, the GaN substrate can be ei- 
ther n-type or p-type. In any cases, a pn-j unction is 
formed in the epitaxially grown layers. The eprtaxially- 
grown layers including the active layer are the LED 
emission structure of the shorter wavelength light. The 
wavelength of the LED emission is determined by the 
band gap of the active layer. The fluorescent material 
(phosphor) is the substrate itself. 
[0049] Simplicity is one of the excellences of the LED 
of the present invention. In general, a substrate does 
accompany an LED, because an epitaxial structure in- 
cluding an active layer is built on the substrate in the 
LED. A substrate is not a newly-added part in the inven- 
tion. The substrates of prior LEDs, however, play only 
passive roles of supporting the active layer physically 
and guiding the driving current. This invention positively 
exploits the substrate as a fluorescence source. What 
the present invention adds is to dope the substrate with 
some impurity which acts as a fluorescence center. In 
set (a), a white or neutral color LED is produced by add- 
ing dopant atoms or vacancies into the substrate of a 
blue GalnN LED. 

[0050] "White" is a collective concept, because white 
is synthesized by primary colors red, blue and green. 
White includes various different tones. When the blue 
component is effective, the white becomes cold white. 
When the red and green component is dominant, the 
white tends to be warm white. When the GaN substrate^ 
is thick, the fluorescence yellow prevails against the 
LED blue due to an increase of the absorption of the 
blue by the thick substrate, which gives warm white. 
When the GaN substrate is thin, the LED blue surpasses 
the fluorescence yellow, which brings about cold white. 
The thickness of the GaN substrate regulates the inten- 
sity of the fluorescence. Namely, the ratio of the fluores- 
cence can be varied by the thickness of the substrate. 
Some other conditions are imposed upon the scope of 
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the thickness of the substrate. A thin substrate of a thick- 
ness of less than 50 \irr\ invites breakdowns in the fol- 
lowing wafer processes. The high probability of break- 
downs lowers the yield and raises the cost. A thick sub- 
strate of a thickness more than 2mm increases the size 
of the LED excessively, raises the ratio of fluorescence 
yellow beyond the limit, lowers the emission efficiency 
through an increment of absorption and enhances the 
material cost. Thus, the preferable scope of the sub- 
strate thickness is 50 u.m to 2mm (2000 u.m). 
[0051] Set(d) makes use of a novel substrate of n-type 
ZnSe. As mentioned before, prior blue ZnSe LEDs have 
been made mostly on n-GaAs substrates. 
[0052] Czochralski method or Bridgman method can- 
not grow a ZnSe single crystal due to the large dissoci- 
ation pressure of Se at a high-temperature: Chemical - 
Vapor Transport (CVT) method and grain-growth meth- 
od are available for producing a ZnSe single crystal. The 
CVT method makes a ZnSe crystal by transporting Zn 
and Se by iodine (I) from a polycrystal ZnSe to a seed 
ZnSe single crystal, inducing a reaction for making ZnSe 
molecules and piling synthesized ZnSe molecules on 
the seed crystal. The CVT is sometimes called an iodine 
transport method. A polycrystal ZnSe is laid on the bot- 
tom of a growth chamber. A planar ZnSe seed crystal is 
fixed on the ceiling of the growth chamber. The growth 
chamber is filled with iodine (I) vapor. The bottom poly- 
crystal ZnSe is heated at a higher temperature T1 . The 
ceiling seed crystal ZnSe is heated at a lower tempera- 
ture T2 (T2< T1 ). At the bottom, higher temperature T1 
induces a reaction of 2ZnSe + 21^ 2Znl 2 + Se2- Since 
both Znl 2 and Se 2 are vapor, Znl 2 vapor and Seg vapor 
rise in the chamber to the ceiling. At the ceiling, Znl 2 and 
Se 2 are cooled by the seed ZnSe and are converted into 
ZnSe by a reverse reaction of 2Znl 2 + Se 2 -> 2ZnSe + 
2I 2 . The resultant ZnSe piles upon the seed ZnSe with 
the same orientation. Thus, a ZnSe single crystal grows 
upon the seed. 1 2 vapor returns to the bottom for reacting 
with ZnSe again into Znl 2 . 

[0053] The grain-growth method converts polycrystal 
ZnSe to a monocrystal ZnSe by starting a ZnSe poly- 
crystal, heating a part of the polycrystal for facilitating 
the movement of grain walls in the polycrystal and in- 
ducing enlargement of a single dominant grain. Small 
grains move, rotate to the same orientation to the dom- 
inant grain and merge to the dominant grain together. 
Finally, all the grains are unified into a single large grain 
by the annealing. Dispensing with iodine (I) as a carrier 
of Zn, the grain-growth method can make a purer ZnSe ^ 
single crystal immune from iodine. The techniques of 
preparing ZnSe substrate for set (d) have been ex- 
plained. 

[0054] Examples of the invention will be described 
with reference to the several figures of the accompany- 
ing drawings in which: 

[0055] Fig.1 (a) is a vertical sectional view of a prior 
white color LED having a blue GalnN-LED chip and a 
yellow YAG phosphor burying the GalnN-LED chip. 



[0056] Fig. 1(b) is an enlarged vertically sectioned 
view of a part of the YAG-LED of Fig. 1(a) for clarifying 
the GalnN-LED emitting blue light and the YAG pond 
making yellow fluorescence. 
5 [0057] Fig.2 is an emission spectrum of the white 
color LED of Fig. 1(a) and Fig. 1(b). 
[0058] Fig. 3(a) is a vertically-sectioned view of a 
white color LED or a neutral color LED of the present 
invention. 

w [0059] Fig. 3(b) is an enlarged vertically sectional view 
of a part of the white color or neutral color LED of Fig.3 
(a) for explaining the blue light emission from the epi- 
taxial emission structure and the yellow light from the 
SA-centers in the substrate. 
15 [0060] Fig.4 is an explanatory emission spectrum of 

the white or neutral color LED of the present invention. 

which makes the best use of the positive current injec- 
tion emission and the passive substrate fluorescence. 
Wavelength A is the longest limit of wavelengths which 
can induce the fluorescence. Wavelength B is the peak 
wavelength of the substrate fluorescence. Wavelength 
C is the peak wavelength of the band gap transition 
emission by current injection. 

[0061] Fig. 5 is a schematic section showing stratum 
components of a neutral color or white color LED of em- 
bodiment 1 (ZnSe • ZnCdSe/ZnSe(l,Cu)) having an 
l+Cu doped ZnSe substrate and a ZnSe or ZnCdSe ac- 
tive layer. 

[0062] Fig.6 is an emission spectrum of the neutral 
color or. white color LED of embodiment 1(ZnSe • 
ZnCdSe/ZnSe(l,Cu)). The abscissa is wavelength. The 
ordinate is emission intensity (in arbitrary unit). 
[0063] Fig. 7 is a chromaticity diagram demonstrating 
the chromaticity coordinates of the neutral color or white 
color LED of embodiment 1 (ZnSe • ZnCdSe/ZnSe(l, 
Cu)). 

[0064] Fig. 8 is a schematic section showing stratum 
components of a neutral color or white color LED of em- 
bodiment 2 (ZnSe/ZnSe(AI,l)) having an Al+I doped 
ZnSe substrate and a ZnSe active layer. 
[0065] Fig.9 is an emission spectrum of the neutral 
color or white color LED of embodiment 2 (ZnSe/ZnSe 
(Al,l). The abscissa is wavelength. The ordinate is emis- 
sion intensity (in arbitrary unit). 
[0066] Fig. 10 is a chromaticity diagram demonstrat- 
ing the chromaticity coordinates of the neutral color or 
white color LED of embodiment 2 (ZnSe/ZnSe(AI,l)). 
[0067] Fig. 1 1 is a schematic section showing stratum 
components of a neutral color or white color LED of em- 
bodiment 3 (ZnSSe • ZnCdSe/AIGaAs(Si)) having a Si 
doped AIGaAs substrate and a ZnSSe/ZnCdSe active 
layer. 

[0068] Fig. 12 is an emission spectrum of the neutral 
color or white color LED of embodiment 3 (ZnSSe • 
55 ZnCdSe/AIGaAs(Si)). The abscissa is wavelength. The 
ordinate is emission intensity (in arbitrary unit). 
[0069] Fig. 13 is a chromaticity diagram demonstrat- 
ing the chromaticity coordinates of the neutral color or 
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white color LED of embodiment 3 (ZnSSe • ZnCdSe/AI- 
GaAs(Si)). 

[0070] Fig. 1 4 is a schematic section showing stratum 
components of a neutral color or white color LED of em- 
bodiment 4 (GalnN/GaP(Zn, O)) having a Zn or O doped 
GaP substrate and a GalnN active layer. 
[0071] Fig.15 is an emission spectrum of the neutral 
color or white color LED of embodiment 4 (GalnN/GaP 
(Zn, O)). the abscissa is wavelength. The ordinate is 
emission intensity (in arbitrary unit). 
[0072] Fig. 16 is a chromaticity diagram demonstrat- 
ing the chromaticity coordinates of the neutral color or 
white color LED of embodiment 4 (GalnN/GaP(Zn, O)). 
[0073] Fig. 1 7 is a chromaticity diagram showing the 
chromaticity coordinates of embodiments 1,2,3,4 and 6 

-including symbols-(a-t| r }c-|i) as-a whole. - 

[0074] Fig. 1 8 is a table showing the substrate mate- 
rial, fluorescence wavelength, material of the active lay- 
er, injection current emission wavelength, symbols a to 
u,, different points (substrate thickness, impurity concen- 
tration and components of the active layer). 
[0075] Fig. 19 is a general chromaticity diagram hav- 
ing red component by the x coordinate and green com- 
ponent by the y coordinate for showing monochromatic 
colors lying on the horseshoe-shaped solid curve and 
neutral color regions lying inner within the horseshoe 
curve. 

[0076] Fig. 20 is a schematic section showing stratum 
components of a white color LED of embodiment 5 
(GalnN/GaN(C • O • va(IM))) having a C or O doped or 
N-vacant GaN substrate and a GalnN active layer. 
[0077] Fig.21 is an emission spectrum of the neutral 
color or white color LED of embodiment 5 (GalnN/GaN 
(C • O • Va(N))). The abscissa is wavelength. The ordi- 
nate is emission intensity (in arbitrary unit). 
[0078] Fig.22 is a chromaticity diagram demonstrat- 
ing the chromaticity coordinates ic, X, u. of the white color 
LEDs with the substrates of different thicknesses of em- 
bodiment 6 (GalnN/GaN(C • O • va(N))). 

[EMBODIMENT 1 ((l+Cu)ZnSe substrate, 630nm; 
ZnSe/ZnCdSe active layer, 480nm; pink, redpurple)] 

[0079] A ZnSe substrate 20 doped with iodine (I) and 
copper (Cu) is prepared. An epitaxial emission structure 
having a ZnSe/ZnCdSe multiquantum well active layer 
23 is built upon the ZnSe substrate as shown in Fig. 5. 
[0080] The band tailing phenomenon allows the l+Cu 
doped ZnSe substrate 20 to absorb the light of a wave- 
length shorter than 51 0 nm (wavelength A=51 0 nm) and 
to produce the fluorescence (SA-emission) having a 
broad peak at 630 nm (wavelength B=630 nm) by the 
fluorescence centers (SA-centers) I and Cu. The band 
tailing phenomenon plays an important role in the 
present invention. A pure semiconductor of a band gap 
Eg is inherently transparent to the light of a wavelength 
X longer than the band gap wavelength Xg (=hc/Eg) but 
opaque to the light of a wavelength X shorter than Xg. 



Doping some impurities produces impurity levels near 
the valence band or the conduction band within the for- 
bidden band. The impurity levels enable electrons and 
holes to make a sub-band gap transition between the 

5 impurity levels and conduction band or between the im- 
purity levels and the valence band. The substrate can 
absorb the light of a wavelength longer than Xg due to 
the sub-band gap transition. Embodiment 1 allows the 
substrate to absorb the light of a wavelength till 510 nm 

10 (A) far longer than 460 nm (C=Xg). 

[0081] A 50 (im thick ZnSe substrate (a) and a 200 
\im thick ZnSe substrate (p) are prepared for investigat- 
ing the influence of the difference of the substrate thick- 
ness upon the colors. The epitaxial emission structures 
-is - of-Fig.5 are epitaxial ly made upon the two kinds of the 

- substrates- of -different thickness by- an -MBE method 

The emission peak wavelength is 480 nm (C=480 nm). 
[0082] The strata of the epitaxial wafer are, from bot- 
tom to top, 

20 

(1) n-ZnSe substrate (Cu+I dope, fluorescence 
B=630nm) 20 

(2) n-ZnSe buffer layer 21 

(3) n-Zn 0 85 Mg 0 15 S 0 10 Se 0 ^ cladding layer 22 
25 (4) ZnSe/Zn 0 03 Cd 0 12 Se multiquantum well active 

layer (active emission C=480 nm) 

(5) p-Zn 0 ssMgo 15 S 0 10 Se 0 & cladding layer 24 

(6) p-ZnTe/ZnSe superlattice contact layer 25 

30 The epitaxial emission structure contains (2), (3), (4), 
(5) and (6). The p-impurity for the p-type layers 24 and 
25 is nitrogen (N). The n-impurity for the n-type layers 
22 and 21 is chlorine (C1 ). The active layer (4) can be 
replaced by a ZnSe 0 ggTe 0 01 active layer (C=480 nm). 

35 [0083] A pattern of dotted p-electrodes of Pd/Au (pal- 
ladium/gold) per a chip is made on the top p-ZnTe/ZnSe 
contact layer 25 of the epitaxial wafer. An Au thin p-elec- 
trode of a thickness less than 20 nm is deposited over 
the Pd/Au dot electrode. The thin Au film of a thickness 

40 less than 20 nm is transparent for blue light. An In n- 
electrode is formed on a bottom of the ZnSe substrate 
20. The epitaxial wafer is cut into plenty of LED chips of 
a 250 urn X 250 u/n square. The LED chips are fitted 
on a stem and are molded with transparent plastic pack- 

45 age. 

[0084] The epitaxial emission structure produces 480 
nm blue light. The l+Cu doped ZnSe substrate absorbs 
a part of the blue light by the band tailing phenomenon 
~ and emits fluorescence of 630 nm (wavelength B). The- 
so LED emits the synthesized light including 480nm blue + 
630 nm red. 

[0085] The output light of the LED is measured in a 
constant current mode. A typical luminosity is 2 mW at 
a 20 mA driving current. 
55 [0086] Fig. 6 is an emission spectrum of embodiment 
1. The spectrum has a sharp peak at 480 nm from the 
epitaxial structure and a broad peak at 630 nm from the 
ZnSe substrate. 
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[0087] Having the thinner substrate of 50 \im, LED(a) 
has weaker fluorescence. LED (a) emits pink light. Hav- 
ing the thicker substrate of 200 urn, LED(P) emits red- 
purple owing to stronger fluorescence. Including the 
more fluorescence centers, the thicker substrate has a 5 
stronger tendency to increasing fluorescence. 
[0088] Fig. 7 is a chromaticity diagram of the LEDs of 
embodiment 1 . LED(a) having the 50 urn thick substrate 
makes pink light of the chromatic coordinate (x,y) = 
(0.34, 0.21). LED(fJ) having the substrate of a 200 \xm 10 
thickness produces redpurple light of the chromatic co- 
ordinate (x.y) = (0.50, 0.24). Point A is the chromaticity 
of the emission from the epitaxial emission structure. 
Point □ is the chromaticity of the fluorescence from the 
substrate. Chromaticity points a and p align on a straight is 

line connecting the two points. — ~ - 

[0089] A similar experiment is carried out on similar 
LEDs having an iodine (I) and silver (Ag) doped ZnSe 
substrate. The l+Ag ZnSe substrate LEDs reveal a sim- 
ilar result to the l+Cu doped substrate. 20 

[EMBODIMENT 2 ((AI+l)2nSe substrate, 600nm; ZnSe 
active layer, 465nm; pink, redpurple)] 

[0090] A ZnSe substrate 30 doped with iodine (I) and 25 
aluminum (Al) is prepared. An epitaxial emission struc- 
ture having a ZnSe active layer 33 is built upon the ZnSe 
substrate 30 as shown in Fig. 8. 
[0091] The band tailing phenomenon allows the l+AI 
doped ZnSe substrate 30 to absorb the light of a wave- 30 
length shorter than 510 nm (wavelength A=510 nm) and 
to produce the fluorescence(SA-emission) having a 
broad peak at 600 nm (wavelength B=600 nm) by the 
self-activated (SA) centers I and Al. Embodiment 2 al- 
lows the substrate to absorb the light of a wavelength 3$ 
till 510 nm (A) far longer than 465 nm (C= Ag). 
[0092] A less doped ZnSe substrate (y) of 1X10 17 
cm* 3 and a more doped ZnSe substrate (5) of 5 x 10 18 
cm -3 are prepared for investigating the influence of the 
difference of the dopant concentration upon the colors. 40 
Both substrates have the same thickness of 250 um 
The epitaxial emission structures of Fig.8 are epitaxial ly 
made upon the two kinds of the substrates of different 
thickness by an MBE method. The emission peak wave- 
length is 465 nm (C=465 nm). 45 
[0093] The strata of the epitaxial wafer are, from bot- 
tom to top, 

(1) n-ZnSe substrate (Al+I dope, fluorescence 
B=600nm)30 so 

(2) n-ZnSe buffer layer 31 

(3) n-Zn 0 85 M 9o. 15 S 0. io Se o. 90 cladding layer 32 

(4) ZnSe active layer (active emission C=465 nm) 
33 

(5) p-Be 0 20 M 9o. 2^0. 60 Se cladding layer 34 ss 

(6) p-ZnTe/ZnSe superlattice contact layer 35 

[0094] The epitaxial emission structure contains (2), 



(3), (4), (5) and (6). The p-impurity for the p-type layers 
34 and 35 is nitrogen (N). The n-impurity for the n-type 
layers 32 and 31 is chlorine (CI). 
[0095] LED devices are fabricated from the epitaxial 
wafer by a similar way to embodiment 1. The epitaxial 
emission structure produces 465 nm blue light (C). The 
l+AI doped ZnSe absorbs a part of the blue light by the 
band tailing phenomenon and emits fluorescence (B) of 
600 nm. The LED emits the synthesized light including 
465nm blue + 600 nm red. 

[0096] The output light of the LED is measured in a 
constant current mode. A typical luminosity is 1 mW at 
a 20 mA driving current. The colors of the LEDs of em- 
bodiment 2 are redpurple and yellowish pink. 
[0097] Fig. 9 is an emission spectrum of embodiment - 
- 2 -The spectrum has a sharp peak at 465 nm from the 
epitaxial structure and a broad peak at 600 nm from the 
ZnSe substrate. 

[0098] Having the smaller dopant concentration of 
lxl0 17 cm" 3 , LED(y) has weaker fluorescence. LED (7) 
emits bluish redpurple light. Having the larger dopant 
concentration of 5 X 10 l8 cnr 3 LED(8) emits yellowish 
pink owing to stronger fluorescence. The higher dopant 
concentration substrate has a stronger tendency to in- 
creasing fluorescence. 

[0099] Fig. 10 is a chromaticity diagram of the LEDs 
of embodiment 2. LED(y) of the 1 X 10 17 cm -3 concen- 
tration substrate makes bluish redpurple light of the 
chromatic coordinate (x,y) = (0.34, 0.19). LED(5) of the 
5x10 18 errr 3 concentration substrate produces yellow- 
ish pink light of the chromatic coordinate (x.y) = (0.50, 
0.29). Point A is the chromaticity of the emission of the 
epitaxial structure. Point □ is the chromaticity of the flu- 
orescence of the substrate. Chromaticity points y and d 
align on a straight line connecting the two points. 

[EMBODIMENT 3 ((Si)AIGaAs substrate, 690 nm; 
ZnSSe/ZnCdSe, 520 nm & 550 nm; orange, yellow)] 

[01 00] A Si-doped n-AIGaAs layer 47 made on an Si- 
doped n-GaAs substrate 46 by a liquid phase epitaxy 
(LPE) is prepared as a substrate 40. An epitaxial emis- 
sion structure having a ZnSSe/ZnCdSe active layer 43 
is built upon the AIGaAs substrate 40 as shown in Fig. 
11. 

[01 01] The band gap of the Alfia^ _ x As substrate can 
be changed within a scope from 570 nm to 860 nm by 
varying the Al ratio x. The substrate of embodiment 3 is 
an Al 0 ioGa<) 55 As (x=0.50) crystal doped with Si on the 
GaAs base 46. The Si doped AIGaAs substrate 40 al- 
lows to absorb the light of a wavelength shorter than 640 
nm (wavelength A = 640 nm) and to produce the photo- 
luminescence having a broad peak at 690 nm (wave- 
length B=690 nm) by the recombination center Si. 
[0102] The epitaxial emission structures of peak 
wavelengths (C) 520 nm (e) and 550 nm (Q are fabri- 
cated upon the AIGaAs substrate 40 by an MBE method, 
as shown in Fig. 1 1 . 
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[0103] The strata of the epitaxial wafer are, from bot- 
tom to top, 

(1 ) n-GaAs substrate (Si dope) 46 

(2) n-AIGaAs layer (Si dope, fluorescence B=690 
nm) 47 

(3) n-ZnSSe buffer layer 41 

(4) n-Zn 0 90 M 9o. io s o. is Se o. 85 cladding layer 42 

(5) ZnS 0 QgSeo g4/Zn 0 70 Cdo ^Se multiquantum 
well active layer (active emission C-520 nm) 43 
(LED e) or 

(5') ZnS 0 o6 Se o 60 Cd o 40 Se multiquantum 

well active layer (active emission C=550 nm) 43 
(LED p 

(6) p-Zn 0 9oMg 0 10 S 0 15 Se 0 85 cladding layer 44 
(7) p-ZnTe/ZnSe su perlattice- contact layer 45 

[0104] The epitaxial emission structure contains (2), 
(3), (4), (5) and (6). The p-impurity for the p-type layers 
44 and 45 is nitrogen (N). The n-impurity for the n-type 
layers 42 and 41 is chlorine (CI). The active layer (5) of 
LED e can be replaced by ZnSe 0 90 Te 010 active layer 
(active emission C=520 nm). 

[0105] LED(e) and LED(£) are different in the mixture 
ratio x of Cd in Zn^Ca^Se which is one of the films of 
the multiquantum well active layer. LED(e) is x = 0.30 
and LED (Q is x = 0.40. A higher Cd ratio x prolongs the 
emission wavelength longer by changing the band gap 
of Zn^Co^Se narrower. 

[0106] LED devices are fabricated from the epitaxial 
wafer by a similar way to embodiment 1 . The prelect rode 
is Pd/Au like embodiment 1 . But the n-electrode is an 
Au-Ge electrode on the bottom of the n-GaAs substrate. 
[0107] The epitaxial emission structure produces 520 
nm (e) green light or 550 nm (Q yellowgreen light. 
[01 08] The Si doped AIGaAs substrate 47 can absorb 
a part of the green light of (e) or the yellowgreen light (Q 
by the band tailing phenomenon and emit red fluores- 
cence (B) of 690 nm. LED (e) emits the light including 
520 nm green + 690 nm red. LED (Q emits the light in- 
cluding 550 nm yellowgreen and 690 nm red. 
[0109] The output light of LEDs(e)and (Q is measured 
in a constant current mode. A typical luminosity is 3 mW 
at a 20 mA driving current. The color of LED(e) is yellow. 
The color of LED(Q is orange. 
[01 1 0] Fig. 1 2 is an emission spectrum of embodiment 
3. The spectrum of LED(e) has a sharp peak at 520 nm 
from the epitaxial structure and a broad peak at 690 nm 
from The AiGaAs substrate. The spectrum of LED(Q has' 
a sharp peak at 550 nm and a broad peak at 690 nm. 
[0111] Fig.13isachromaticitydiagramof the LEDsof 
embodiment 3. LED(e) of a 520 nm peak wavelength 
makes yellow light of the chromatic coordinate (x,y) = 
(0.47, 0.48). LED(0 of the 550 nm peak wavelength pro- 
duces orange light of the chromatic coordinate (x,y) = 
(0.57, 0.43). Points A are the chromatic points of the 
emission of the epitaxial structures of LEDs (e) and [Q. 
Point □ is the chromaticity of the fluorescence of the 



substrate. Chromaticity points e and £ align on a straight 
line connecting the two points. 

[EMBODIMENT 4 ((Zn.O)GaP substrate, 700 nm; 
s GalnN active layer, 520 nm; yellow)] 

[0112] A semi-insulating GaP wafer doped with Zn 
and O is prepared as a substrate 50. An epitaxial film 
structure has a GalnN active layer 53 as shown in Fig. 
10 14. GaP is an indirect transition type semiconductor. 
GaP doped with Zn and O can absorb the light of a wave- 
length shorter than 550 nm (A = 550nm) and can make 
the fluorescence having a broad peak at 700 nm (B = 
700 nm). 

75 [011 3] The epitaxial structure shown in Fig ~1 4 is made 

on the semi-insulating GaP substrate 50 by an MOCVD- 

method. The epitaxial film structure contains an active 
layer of emitting 520 nm green light (C=520 nm). 
[011 4] The strata of the epitaxial wafer are, from bot- 
20 torn to top, 

(1 ) semi-insulating GaP substrate (Zn+O dope; flu- 
orescence 700 nm) 50 

(2) n-GaN contact layer (n-electrode) 51 
25 (3) n -AI 0 ^Gao 85 N cladding layer 52 

(4) Gao 7 0 ln 0 . 3o N active layer (active emission 520 
nm) 53 

(5) p-AIq 15 Gao 85 N cladding layer 54 

(6) p-GaN contact layer 55 

30 

[0115] The epitaxial emission structure contains (2), 
(3), (4), (5) and (6). A dotted pattern of p-electrodes of 
Pd/Au is formed on the p-GaN contact layer 55 in a pe- 
riod of 500 u.m X 500 ujti which is the size of a chip. 

35 Since the GaP substrate is insulating, an n-electrode 
cannot be formed on the bottom of the GaP substrate. 
Parts of the epitaxial structure are eliminated till the n- 
GaN contact layer 51 . A pattern of dotted n-electrodes 
of Tt/Au is formed on the revealed n-GaN contact layer 

40 51. After the formation of the p-electrodes and the n- 
electrodes, the epitaxial wafer is cut into a plenty of LED 
chips of a 500 u,m x 500 \xm square. LED(n) is made 
by fitting the LED chip on a stem. The p-electrode and 
the n-electrode are connected to separated stems by 

45 two wires like the LED of Fig. 1 (a). 

[0116] The epitaxial emission structure of LED (t|) 
produces 520 nm green light. The Zn and O doped GaP 
substrate can absorb a part of the green light and emit 
= red fluorescence (B) of 700 nm. LED (T|) emits the light- 

50 including 520 nm green + 700 nm red. 

[0117] The output light of LEDsfa) is measured in a 
constant current mode. A typical luminosity is 3 mW at 
a 20 mA driving current. The color of LED(tj) is yellow. 
[0118] Fig. 15 is an emission spectrum of LED fa) of 

55 embodiment 4. The spectrum of LED(r|) has a sharp 
peak at 520 nm from the epitaxial structure and a broad 
peak at 700 nm from the GaP substrate. 
[011 9] Fig. 1 6 is a chromaticity diagram of the LED(ii) 
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of embodiment 4. LEDfa) makes yellow light of the chro- 
matic coordinate (x,y) = (0.45, 0.46). Point A is the chro- 
matic point of the emission of the epitaxial emission 
structure of LED(n,). Point □ is the chromaticity of the 
fluorescence of the substrate. Chromaticity t\ lies on a s 
straight line connecting the two points. 

[EMBODIMENT 5 ((C • O • Va(N))GaN substrate, 550 
nm; GalnN active layer 430 nm; epi-up; white)] 

[01 20] A GaN single crystal is made by either a vapor 
phase growing method (HVPE, MOC, MOCVD) or a 
melt-growing method as explained before. A GaN wafer 
made by the vapor phase growing method is prepared 
as a substrate 62. The GaN wafer is doped with oxygen 
"(O), carbon -(C) or- nitrogen vacancy, (Va(N)). 0 atoms^- 
C atoms or N -vacancies act as the fluorescence centers 
in the GaN substrate. The dopants O, C or VaN give the 
n-type conductivity to the GaN substrate. The substrate 
thickness is preferably 50 urn to 2000 urn. 
[0121] An epitaxial emission structure shown in Fig. 
20 is made on the n-type GaN substrate 62 by an 
MOCVD method. The epitaxial emission structure con- 
tains a GalnN active layer of emitting 430 nm bluepurple 
light (C=430 nm). 

[0122] The strata of the epitaxial GaN wafer are, from 
bottom to top, 

(1) n-GaN substrate (C • O • va(N) dope; fluores- 
cence 550 nm) 62 

(2) n-GaN buffer layer 63 

(3) n-AI 0 20 Ga o. 80 N cladding layer 64 

(4) G% gelno 12 N active layer (active emission 430 
nm) 65 

(5) p-AI 0 20 Ga o.80 N cladding layer 66 

(6) p-GaN contact layer 67 

[0123] The epitaxial emission structure contains (2), 
(3), (4), (5) and (6). The p-dopant is Mg in (5) and (6). 
The n-dopant is Si in (1 ), (2) and (3). The p-GaN contact 
layer 67 having a high p-dopant concentration should 
be in ohmic contact with the p-electrode with a small 
contact resistance. Having a wider band gap than the 
active layer, the AIGaN cladding layers 64 and 66 con- 
fine the carriers within the active layer 65. The GalnN 
active layer 65 consists of thin InN films and GaN films 
piled by turns. 

[0124] A dotted pattern of p-electrodes ofPd/Au is 
formed on the p^GaN contact layer 67 in a period of 300 
u.m x 300 nm which is the size of a chip. An n-electrode 
of indium (In) is formed overall on the bottom surface of 
the n-GaN substrate 62. The In n-electrode can be re- 
placed by another n-electrode of In/TiAu. After the for- 
mation of the electrodes.the epitaxial GaN wafer is cut 
into a plenty of LED chips of a 300 u/n x 300 pm square. 
An LED device is made by fitting the LED chip with the 
n-electrode facing downward on a stem and with the p- 
electrode upward. The p-electrode is connected to an- 



other stem like the LED of Fig.3(a). The LED chip and 
the stems are molded within a transparent plastic pack- 
age. 

[0125] The output light of the LED is measured in a 
constant current mode. A typical luminosity is 1 .5 Cd at 
a 20 mA driving current. Fig.21 is an emission spectrum 
of the LED of embodiment 5. The spectrum of the LED 
has a sharp peak at 430 nm from the epitaxial structure 
and a broad peak at 550 nm from the GaN substrate. 
The color of the LED is bluish white. 

[EMBODIMENT6 ((COVa(N))GaN substrate, 580 nm; 
GalnN active layer, 460 nm; epi-down; white)] 

[0126]" Three kinds of GaN wafers of different thick- 
— nesses made by the melt-growing method are-prepared~ 
as a substrate for investigating the influence of the sub- 
strate thickness on the light. The GaN wafer is doped 
with oxygen (O), carbon (C) or nitrogen vacancy (Va 
(N)). The thicknesses are 100 pm(ic), 500(A.) and 1mm 
(W- . 

[0127] An epitaxial emission structure shown in Fig. 
20 is made on the n-type GaN substrate by an MOCVD 
method like embodiment 5. The epitaxial emission 
structure contains a GalnN active layer doped with Zn 
of emitting 460 nm bluepurple light (C=460 nm). 
[01 28] The strata of the epitaxial GaN wafer are, from 
bottom to top, 

(1) n-GaN substrate (COva(N) dope; fluores- 
cence 580 nm) 62 

(2) n-GaN buffer layer 63 

(3) n-AI 0 20 GaQ ^N cladding layer 64 

(4) Zn doped Gsq ^\n 0 12 N active layer(active 
emission 460 nm) 65 

(5) p-AIq 2o Ga o. 80 N cladding layer 66 

(6) p-GaN contact layer 67 

[0129] The epitaxial emission structure contains (2), 
(3), (4), (5) and (6). The p-dopant is Mg in (5) and (6). 
The n-dopant is Si in (1 ), (2) and (3). 
[0130] An overall pattern of p-electrodes of Pd/Au is 
formed on the whole of the p-GaN contact layer 67 with 
a covering rate of 100 %. An n-electrode pattern of in- 
dium (In) of a 1 00 jimx 1 00 p square per a chip is formed 
on the bottom surface of the n-GaN substrate in a period 
of 300 u.mX300 urn with a covering rate of 11 %. After 
the formation of the electrodes, the epitaxial GaN wafer 
^is cut into a plenty of LED chips of a 300 pm X 300 pm 
square. An LED device is made by fitting the LED chip 
upside down on a stem with the n-electrode facing up- 
ward and with the p-electrode facing downward and be- 
ing contact with the stem. The n-electrode is connected 
to another stem. This type is called briefly "epi-side 
down". The LED chip and the stems are molded within 
a transparent plastic package. 

[0131] The output light of the LED is measured in a 
constant current mode. A typical luminosity is 1 .5 Cd to 
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2Cd at a 20 mA driving current. Embodiment 5 is suffer- 
ing from fluctuation of colors in the direction of eyesight. 
Embodiment 6 is immune from the directional fluctuation 
of colors, since the chip is mounted upside down on the 
stem. The color of the light emitted from the LEDs is 
white. But tones of white are different for three kinds of 
LEDs k, Xanti u,. 

(ic) 100 u/n thick LED- cold bluish white 

(X) 500 uiii thick LED- pure white 

(u.) 1000 \im thick LED - warm yellowish white 

Fig.22 denotes the chromaticities of LEDs k,X and u.. 
[01 32] In Fig.22, point M is the chromaticity of the ac- 
tive layer emission having a peak at 460 nm! Point IM is 
- the chromaticity of 4he fluorescence (580-nm) from the 
substrate. Any synthesized light from the active layer 
emission and the substrate fluorescence lies on the line 
MN. The thinner substrate moves the chromaticity to- 
ward M by weakening the fluorescence. The thicker sub- 
strate moves the chromaticity toward N by enhancing 
the fluorescence. 

point ic for a 100 urn thickness = (0.29, 0.29) 
point X for a 500 u/n thickness = (0.35, 0.36) 
point \x for a 1000 u.m thickness = (0.42, 0.45) 

The tones of white can be expressed by color tempera- 
ture. 

point ic — 8000K bluish white 
point X - 5000K middle white 
point u. — 3000K yellowish white 

[0133] Alternatively, it is confirmed that the tone of 
white is also changed by the dopant concentration. The 
wavelength C of the epitaxial structure can be varied 
from 400nm to 500nm by changing the ratio x of the 
Ga Vx ln x N active layer. For any wavelength C between 
430 nm and 500nm, white color LEDs are obtained by 
optimizing the thickness of the substrate. 
[0134] Fig. 17 shows the LED chromaticities, the ac- 
tive layer chromaticities and the substrate chromaticities 
of LEDs a - 1] and ic - u. of embodiments 1 ,2,3,4 and 6. 
[0135] Fig. 18 is a table showing the substrate mate- 
rials, the fluorescence wavelength, the materials of epi- 
taxial emission structures, the current injection light 
wavelength, the different points and the symbols of em- 
bodiments 1 to 6. 



Claims 

1 . A substrate-fluorescent LED comprising: 



an epitaxial emission structure including an ac- 
tive layer emitting light by electron band gap 
transition induced by current injection; 
wherein white color or neutral colors of purple, 
5 redpurple, pink, yellow or orange are synthe- 

sized by mixing the light from the active layer 
with the fluorescence from the substrate. 

2. An LED as claimed in claim 1 , wherein a peak wave- 
io length of the fluorescence is changed by varying a 

material of the substrate. 

3. An LED as claimed in claim 1 , wherein a peak wave- 
length of the fluorescence is changed by varying a 

is ~ kind of the dopant in the substrate- - 



4. An LED as claimed in claim 1 , wherein intensity of 
the fluorescence is changed by varying a thickness 
of the substrate. 

20 

5. An LED as claimed in claim 4, wherein the thickness 
of the substrate is 50 u.m to 2mm. 

6. An LED as claimed in claim 1 , wherein intensity of 
25 the fluorescence is changed by varying a concen- 
tration of the dopant. 

7. An LED as claimed in claim 1 , wherein a peak wave- 
length of the light from the active layer is changed 

30 by varying a king of the active layer. 

8. An LED as claimed in claim 1 , wherein the substrate 
is an n-type AIGaAs substrate and the active layer 
is a ZnSe layer, a ZnSSe/ZnCdSe layer or a ZnSeTe 

35 layer. 

9. An LED as claimed in claim 8, wherein the AIGaAs 
substrate is formed upon an n-type GaAs single 

. crystal. 

40 

10. An LED as claimed in claim 8, wherein the dopant 
doped into the AIGaAs substrate is Si. 

11. An LED as claimed in claim 1 , wherein the substrate 
45 js a GaP substrate and the active layer is a GalnN 

layer. 

12. An LED as claimed in claim 11, wherein the dopant 
doped into the GaP substrate is Zn and O - 

SO 

1 3. An LED as claimed in claim 1 , wherein the substrate 
is an n-type ZnSe substrate doped with at least two 
dopants and the active layer is a ZnSe layer, a 
ZnSe/ZnCdSe layer or a ZnSeTe layer. 

55 

14. An LED as claimed in claim 1 3, wherein the dopants 
doped into the substrate are Al and I. 



a semiconductor or insulator substrate doped 
with dopants absorbing light and producing flu- 
orescence as fluorescence centers; and 
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15. An LED as claimed in claim 1 3, wh erein the dopants 
doped into the substrate are Cu and I. 

16. An LED as claimed in claim 1 3, wherein the dopants 
doped into the substrate are Ag and I. 5 

1 7. An LED as claimed in claim 1 , wherein the substrate 
is an n-type or a p-type GaN substrate doped with 
O, C or N-vacancy without a sapphire base and the 
active layer is a GalnN layer. 10 

18. An LED as claimed in claim 17, wherein the light 
from the active layer has a wavelength from 400 nm 
to 510 nm, the fluorescence from the substrate has 

a wavelength from 520 rim to 650 hm and white *5 

color light is synthesized by the light-f rom the active— - 

layer and the fluorescence from the substrate. 

19. An LED as claimed in claim 18, wherein the active 
layer is denoted as Ga^l^N witha ratioxandtone 20 
of the white color is changed by varying the ratio x. 

20. An LED as claimed in claim 18, wherein tone of the 
white color is changed by varying the thickness of 
the substrate from 50 urn to 2 mm. & 
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Fig. 3 (a) 
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EMBODIMENT 1 ( « , P) 
ZnSe-ZnCdSe/ZnSe (l,Cu) 



p-ZnTe/ZnSe superlattice contact layer 25 



p-ZrrtfeSSe cladding layer 24 



n-Zrf^SSe cladding layer 22 



n-ZnSe buffer layer 21 



n-ZnSe substrate 20 
(I+Cu) 



a : d - 50 /im 
p : d =200 //in 



Fig. 6 



EMBODIMENT 1 ( « , £ ) 



350 



ZnSe-ZnCdSe/ZnSe (I, Cu) 




750 



wavelength (nm) 



18 



EP 0 977 278 A2 




19 



EP 0 977 278 A2 



Fig. 8 

EMBODIMENT 2 ( r , 8 ) 
ZnSe / ZnSe (I, Al) 

p-type ZnTe/ZnSe super lattice contact layer 35 

p-type BeZnMgSe cladding layer 34 

ZnSe active layer — 33 

n-type Znl^gSSe cladding layer - 32 

n-type ZnSe buffer layer 31 



n-type ZnSe substrate 30 
(I,A1 dope) 



8 : SXlO^cnT 3 

r : ixio 17 ciir 3 



Fig. 9 
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Fig. 11 



EMBODIMENT 3 ( e , C ) 
ZnSSe-ZnCdSe / AlGaAs (Si) 



p-type ZnTe/ZnSe super lattice contact layer 45 



p-type ZnMgSSe cladding layer 



44 



ZrBSe/Zt€dEe nultiiqpantiin v^~act±ve layer 4 3 



n-type ZnMgSSe cladding layer 42 
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Fig. 12 
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Fig. 13 
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Fig. 14 

EMBODIMENT 4 ( r) ) 



GalnN / GaP (Zn,0) 



p-type GaN contact layer 5 5 


p-type AlGaN cladding layer 
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GalnN active layer 5 3 


n-type AlGaN cladding layer 
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n-type GaN contact layer 5 1 


semi-insulating GaP substrate 
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Fig. 15 



EMBODIMENT 4 ( yj ) 
GalnN / GaP ( Zn, 0 ) 
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Fig. 16 

EMBODIMENT 4 ( T) ) 



GalnN / GaP (Zn, 0) 




x — — 
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Fig. 17 



EMBODIMENT 1~4. 6 (a~rj , ) 
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EMBODIMENT 5 

p-type GaN contact Layer 6 7 

p-type AlGaN cladding layer $6 

GalnN active layer 6 5 

n-type AlGaN cladding layer 64 

n-type GaN buffer layer 0 3 

n-type GaN substrate 6 2 



Fig. 21 
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Fig. 22 
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